INTRODUCTION
Two fundamental factors involved in the performance of manual movements are the index of the difficulty of the task and the handedness. Fitts' law predicts linear increases in movement time with increases in the index of difficulty (ID) of the task. 1 The amount of information that humans can process per unit of time is limited, and an increase in the task ID requires more information to be processed. Consequently, the system compensates for the more "difficult" movement by increasing the movement time and enabling the completion of required processing. 2 Fitts' law has been used as a quantitative definition of difficulty in a variety of research studies in healthy 3, 4, 5 and clinical 6, 7 populations; imagined movements 8, 9 and movements performed in two or three dimensions. 8, 10, 11 Differences between hands are observed in several behavioral measures such as movement time and endpoint accuracy. 12, 13, 14 As manual movements are primarily controlled by the contralateral cerebral hemisphere, the lateralization of functions in each hemisphere may produce these manual asymmetries. 15 However, engagement of ipsilateral motor areas is observed mainly in movements performed with the left hand. 16 Consequently, access to the resources and capabilities of each cerebral hemisphere seems to differ between the right and left hands. 17 The decline in performance observed when the task ID is high or when the task is performed with the left hand (by right-handers) could be associated to a higherdegree of mental resources dedicated to the task execution. This process, called mental workload, indicates that we have limited mental resources to perform a task under specific environmental and operational conditions. 3 Mental workload is induced by the demands of the task, which can be manipulated by perceptual load, cognitive load and motor load. 18, 19 If the access of the hands to the perceptual, cognitive and motor resources of each cerebral hemisphere differs, we can expect different levels of mental workload when the left and the right hands perform the task. Surprisingly, to our knowledge, this topic has not been investigated in the mental workload literature. The impact of ID on mental workload is another important aspect to investigate. More information needs to be processed when task ID is increased; as a consequence, we would expect an increased mental workload. Also surprisingly, Fitts' law has been rarely employed to investigate mental workload. 3 We hypothesized that a higher level of mental workload would be observed (a) in a higher ID condition of the motor task compared to a lower ID condition, and (b) in left hand execution compared to right hand. The Grooved Pegboard Test was chosen because we could manipulate different IDs (placing and removing the pegs) and handedness in a test that is appropriate for these types of manipulation. 20, 21 
METHODS

Participants
Twenty-three right-handed (handedness > .8 measured by the Edinburgh Handedness Inventory 22 ) male undergraduate students, all of whom were men with normal or corrected-to-normal visual acuity in both eyes who ranged in age from 18 to 40 years (mean age = 24.1 ± 4.3 years), participated in this study. Volunteers had no prior experience with the motor task. This research complied with the tenets of the Declaration of Helsinki and was approved by a local ethics committee. Informed consent was obtained from each participant after receiving a full explanation of the study.
Apparatus and Task
The B-Alert X10 sensor headset (Advanced Brain Monitoring Inc., Carlsbad, CA, USA) was used to acquire the electroencephalographic measures (EEG). Nine Ag/AgCl EEG electrodes were located at F3, Fz, F4 (frontal electrodes), C3, Cz, C4 (central electrodes), P3, POz, P4 (posterior electrodes), according to the international 10-20 system. Bi-polar recordings (F3-F4, C3-C4, Cz-PO, F3-Cz, Fz-C3, Fz-PO) were selected in order to reduce the potential for artifacts generated by movements. Two electrodes on mastoid bones (left and right) were used as reference and ground, two sensors attached to the right clavicle. The sampling rate was 256 samples/s for all channels and transferred in real-time via Bluetooth link to a host computer where the B-Alert software (Advanced Brain Monitoring Inc., Carlsbad, CA) stored and processed the EEG data. B-Alert software classifies the level of task engagement into one of the four levels of alertness (sleep onset, distraction, low engagement and high engagement) and the level of mental workload.
The Grooved Pegboard (Lafayette Instruments # 32035) was used to evaluate the manual motor performance.
The standard procedure for the Grooved Pegboard Test was applied. Participants were instructed to place 25 pegs, one at a time, into the holes as quickly as possible, in a prescribed order. They positioned the pegs from left to right on the board when using their right hand, and placed the pegs in the opposite order when using their left hand. Participants were also timed on their speed for removing the 25 pegs with the right hand, one at time, and placing them back into the receptacle. They were asked to remove the pegs in the reverse order in which they were positioned. 23 Therefore, high ID condition was defined as placing the pegs and the low ID condition was defined as removing the pegs.
Procedures
Initially, participants completed the Edinburgh Handedness Inventory. 22 Next, the wireless sensor headset (X-10 EEG system) was placed onto the volunteer. Afterwards, the EEG device was connected, the communication port was opened and activated, and the impedance was evaluated via B-Alert software. Technical monitoring was conducted to evaluate the quality of data acquisition. Finally, data acquisition was initialized.
The acquisition of baseline data, called Metric Benchmark, was used to create the individualized EEG profiles required for the Cognitive State and Workload Metrics to be valid and accurate across individuals. Each complete benchmarking session (15 min) included three distinct tasks: 3-choice vigilance task; a Visual Psychomotor Vigilance Task; and an Auditory Psychomotor Vigilance Task. 24 After the benchmarking session, detailed instructions about the three conditions of execution in the Grooved Pegboard task were provided.
To become acquainted with the task, participants carried out one trial of positioning 10 pegs with the right or left hand (counterbalanced order). This trial was not analyzed and was performed before their respective timed conditions. Afterwards, participants were timed using a stopwatch on their speed for moving the 25 pegs in each condition. The order of conditions was counterbalanced across participants, and EEG acquisition data were recorded separately by trial.
EEG signal processing and data reduction
All signal processing consisting of (a) filtering and digitization, (b) artifact identification and decontamination, and (c) feature extraction were conducted automatically by the B-Alert software. B-Alert software applies a Notch filter at 60 Hz to all EEG data to remove environmental artifact. Excursions, spikes and amplifier saturation that related to movement are analyzed in the time domain. Excursions and spikes are automatically identified when the EEG amplitude exceed 40 µV over short durations (e.g., between 12-27 ms). Amplifier saturation was identified when the amplitude between two data points exceeded predefined thresholds (e.g., 440 µV) or the EEG amplitude approached the maximum or minimum of the amplifier dynamic range. Next, the EEG was deconstructed using a wavelets transformation into the 0 -2, 2-4, 4 -8, 8 -16, 16 -32, 32-64, and 64 -128 Hz wavelets bands. Excessive muscle activity (EMG) was identified and excluded by wavelets power in the 64 -128 Hz band. 25, 26 A linear discriminant function analysis to detect eye blinks is used. The absolute value of the wavelet coefficients (0-2, 2-4, 4-8, 8-16, and 16-32 Hz) from the data points (50th, 40th 30th, 20th, and 10th) before and after the target data point from FzPOz and CzPOz were used as variables to classify each data point as an eye blink, theta wave, or non-eye blink. The eye blink region was identified by multiple data points classified as eye blinks. The eye blink region was defined through a fixed distance before the start (e.g., 50 data points) and after the end (e.g., 50 data points) of the eye blink. Decontamination was accomplished by computing mean wavelet coefficients for the 0-2, 2-4, and 4-8 Hz bins from nearby non-contaminated regions and replacing the contaminated data points. Then, Wavelets bands (except 64-128 Hz) were used to reconstruct the EEG signal. 26 The data points previously associated with excursions, spikes and saturation were replaced with zero values at zero crossing before and after excursions, spikes and saturations. Lastly, EEG absolute and relative power spectral density (PSD) variables for each 1-s epoch were computed running a Fast-Fourier transform applied using a 50% overlapping Kaiser window (α= 6.0). The PSD values were then scaled to accommodate the insertion of zero values as replacements for the artifact. To obtain the EEG-cognitive metrics a four-class quadratic discriminant function analysis (DFA) was derived for each participant. The model was individualized for each participant using DFA coefficients derived during Metric Benchmark. A linear DFA with two classes was used to obtain the EEG-workload metrics (see detailed explanation in Berka et al. 26 ).
Measurement and statistical analysis
To evaluate the degree of mental resources dedicated to the task execution we used two EEG-based measures of cognitive states: (a) task engagement defined as EEGcognitive index and (b) mental workload defined as EEG-workload index. Both measures increase as a function of increasing task demands but the EEG-cognitive index tracks demands for sensory processing and attention resources while the EEG-workload index is a measure of the level of cognitive processes involving working memory load, integration of information and problem-solving. 26 Therefore, three dependent variables were measured: 1) movement time (MT) based on the Grooved Pegboard performance; 2) EEGcognitive index; 3) EEG-workload index. Movement time was defined as the time required for the participant to move all 25 pegs from the start to the end location. 27 EEG-cognitive metrics indicated the highest probability of drowsiness using the following classifications: 0.1: Sleep onset, 0.3: Distraction, 0.6: Low Engagement, 0.9: High Engagement. EEGworkload index ranged from 0 to 1. Both measures increase as a function of increasing task demands, but the engagement measure tracks demands for sensory processing and attention resources, while the EEG workload index increases with increasing working memory load and during problem-solving, integration of information, analytical reasoning and may reflect a sub-set of executive functions. 26 The design of the study with three condition of pegs permitted the following comparisons: right versus left hand in the positioning condition (analysis of handedness) and positioning versus removing with the right hand (analysis of different IDs). The Shapiro-Wilk Test showed normal distribution for the three dependent variables. Thus, Student's t test for dependent samples were conducted. The effect size was calculated using Cohen's formula. 28 A significant difference at the level of 0.05 was adopted for all statistical analyses.
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VOL. 11 N. 1 5 of 10 Figure 1 illustrates the means of subjects in terms of: 1) MT to the place task and the removal task with the right hand (Fig.1a) , EEG-workload index (Fig.1b) and EEGcognitive index (Fig.1c) . Paired t-tests indicated a significantly faster MT to remove pegs compared to placing pegs [t (22) Figure 2 illustrates the mean of subject in terms of: 1) MT for the place task with the right and the left hand (Fig.2a) , EEG-workload index (Fig.2b) and EEG-cognitive index (Fig.2c) . Paired t-test indicated a significantly faster MT for the right hand compared to the left hand [t (22) 
RESULTS
Place and remove the pegs with the right hand
Placing of the pegs with the right and left hand
DISCUSSION
We investigated the relation between mental workload and (a) ID of the motor task, and (b) handedness. We hypothesized that a higher level of mental workload would be observed to the higher ID condition compared to the lower ID condition, as well as a higher level of mental workload to the left hand execution compared to the right hand. Our hypotheses were partially confirmed. Only the ID factor markedly influenced the mental workload.
Mental workload is the amount of mental resources which is dedicated to a particular cognitive activity. Higher levels of mental workload in the task indicate higher difficulty on the performance of the task. 29 Previous works comparing placing and removing pegs in the Grooved Pegboard have shown that the task demands affect the manual performance. 20, 23 One fundamental aspect involved in these two conditions is the extreme difference in the ID involved in placingvs. removing the pegs. Corroborating the results of Bryden and Roy 20 and Bryden and Roy, 23 we also observed that participants were faster at removing (low ID condition) vs. placing (high ID condition) the pegs.
We took one step further by observing that the difference in the IDs of the task was associated with different levels of mental workload. This type of analysis has been rarely employed in the study of mental workload 3 mainly using electroencephalographic analysis. The amount of information that human can process per unit of time is limited and an increased ID requires more information to be processed. 1 The attempt to cope with the higher demand of placing the pegs increased the mental effort involved in the task. The efficient allocation of neural resources is crucial to meet the demands of planning and monitoring the sequential movements of the place task. As task difficulty increases, regional cerebral blood flow increases in areas associated with planning, requiring greater visuomotor processing. 30 Movement planning and movement control involve two stages of a problem-solving process: the first requires the predetermination of a plan of action aimed at achieving a goal, and the second involves monitoring and guiding the execution of a plan to a useful conclusion. 31, 32 Mental workload reflects a sub-set of executive functions involved in planning and monitoring that possibly are more required in placing the pegs due to the greater visuomotor demand. As an example, an increase in working memory load is associated with a concomitant increase in mental workload. 26 Interestingly, there was no difference between conditions in the EEG-cognitive index. The level of engagement in both conditions was classified as low engagement (index values between .6 and 8.9). This result assured that in both conditions the level of attentional resources was identical, and the main difference was in the specific allocation of other neural resources. The same result was found when comparing the level of engagement of the place task executed with the right and the left hand. We can conclude that despite the asymmetry observed in the motor behavior there was no attentional asymmetry when comparing the execution by hands. More importantly, we did not find differences in the level of mental workload induced by the hands.
The engagement of ipsilateral motor areas is observed mainly in movements performed with the left hand. 16 Therefore, we assumed that higher mental workload should be observed because the left hand execution requires more resources and capabilities than the right hemisphere. However, the results observed in our study permitted us to infer that higher engagement of ipsilateral hemisphere expected in movements performed with the left hand does not increase the mental workload measured by EEG. This assumption needs to be investigated in further studies. It is very plausible to expect the same executive demands of planning and monitoring for both hands, as consequence, the same level of mental workload. Therefore, the difference observed in hands performance seems to be specific to the specialization of motor processes in each hemisphere, in which there is a well-known advantage of the left hemisphere with regard to movement time. 15 Another possible explanation could be related to the level of difficulty of the task performed. The left and the right hands both performed the more difficult variation of the task; it is possible that the high visuomotor demands of the task produced a "ceiling effect" in mental workload. Thus, the difference in the mental effort when controlling the right and left hands is hidden in more demanding tasks.
Altogether, our results indicate that in a manual dexterity task of a sequential nature, only the alteration of the task ID promotes changes in mental workload. Despite the observed performance asymmetry between the right and left hands, the level of mental workload was identical. It is possible that differences in mental workload produced by the left and right handscouldbe observed only in "less difficult" tasks. Further studies are needed to investigate this hypothesis. Few, if any, studies have investigated the mental workload in variations of the same motor task. For the first time, a significant relation between mental workload and ID variation in grooved pegboard task was observed, indicating that it is a promising way to understand the mental effort involved in manual tasks.
